Sublattice addressing and spin-dependent motion of atoms in a double-well lattice 
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We load atoms into every site of an optical lattice and selectively spin flip atoms in a sublattice 
consisting of every other site. These selected atoms are separated from their unselected neighbors 
by less than an optical wavelength. We also show spin-dependent transport, where atomic wave 
packets are coherently separated into adjacent sites according to their internal state. These tools 
should be useful for quantum information processing and quantum simulation of lattice models with 
neutral atoms. 
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Ultracold neutral atoms in optical lattices offer new 
possibilities for the study of condensed matter systems 
and quantum information processing [TJ [51 [31 131 [S] . One 
of the outstanding issues regarding the use of this system 
for quantum computing is the ability to address individ- 
ual qubits. In principle, this can be accomplished using 
focussed laser beams [6j , and progress has been made to- 
ward solving this problem [3 [HI [HI [13 [ID [H] ■ However, 
control of internal spins with spatial resolution on the 
scale of an optical wavelength or less remains a challenge. 

Here we describe experiments with an optical lattice 
of double-well potentials in which we address and ma- 
nipulate atoms in one site of every double well, indepen- 
dently of neighboring sites at a distance of A/2, where 
A = 803 nm is the wavelength of the light creating the 
optical lattice. A spin-dependent (i.e. internal-state de- 
pendent) light shift provides a local effective magnetic 
field gradient sufficiently large to spectroscopically re- 
solve spin-flip transitions [13] at neighboring sites. While 
we simultaneously address atoms in every other site (in- 
stead of only in an individual site), the basic princi- 
ple demonstrated here underlies proposals to use state- 
and position-dependent light shifts to address individ- 
ual atoms [6 . Furthermore, by manipulating the opti- 
cal lattice potential we induce coherent spin-dependent 
transport, resulting in spatial separation of different spin 
states into neighboring sites. The control techniques 
presented here using the double-well lattice provide the 
tools necessary for exploring two-qubit entangling gate 
schemes based on coherent collisions ^2 or exchange in- 
teractions [2] between two atoms. The ability to inde- 
pendently control atoms in a sublattice also expands the 
accessible parameters for quantum simulations, for ex- 
ample, by creating a patterned loading of the lattice [15], 
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FIG. 1: a) Schematic of the 2D horizontal lattice setup, b) 
Example of a double-well optical lattice potential in the hor- 
izontal plane. Each copy of the unit cell (indicated by the 
rectangular box) is an isolated system, and atoms in the L 
sublattice can be addressed by rf independently from atoms 
in the R sublattice (and vice versa). 

or simulating Hamiltonians stroboscopically [T6| . 

In our experiment, we create a 3D lattice having a 
unit cell that can be dynamically transformed between 
single well and double well configurations [TT] [TS] . The 
2D lattice in the horizontal xy plane is formed by inter- 
secting two orthogonal pairs of counter-propagating laser 
beams derived from a single, folded, retro-reflected beam 
(Fig. [l]), while an independent ID optical lattice pro- 
vides confinement in the vertical direction z. For the 2D 
lattice, horizontally polarized light forms a "A/2-lattice" 
with a periodicity of A/2 along both x and y (Fig. |2]-d). 
Vertically polarized light forms a "A-lattice" with period- 
icity A along X (Fig.[2]-a). Their relative intensity I\/ 1\/2 
and relative position 5x along x are independently con- 
trolled by manipulating the polarization and phases of 
the beams using electro-optic modulators (EOMs). For 
the experiments presented here, we focus only on dy- 
namics within each double well, and configure the lat- 
tice so that tunneling between separate double wells is 
negligible on the timescale of the experiment. Config- 
urations resulting in local elliptical polarization (i.e. a 
complex polarization vector) produce a spin-dependent 
potential, originating from the vector light shift — 
«av(E* X E) • F/4, where Re[Ee"*'^*] is the laser electric 
field, ttv is the vector part of the atomic polarizability. 
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FIG. 2: Calculated double-well potentials along x for different 
configurations (a)-(d) of the laser light. Dashed lines repre- 
sent the scalar potential ?7s seen by atoms in the \mF = 0) 
state, solid lines show the state-dependent potential Us + Uv 
seen by atoms in the \mp = —1) state. (The large constant 
Zeeman shift has been subtracted.) The energy levels for the 
first two vibrational eigenstates of each spin are also shown 
as horizontal lines, with the position and the length of the 
lines representing the center-of-mass position and the rms full 
width of the corresponding wavefunctions. {Sx/\ — —0.5 cor- 
responds to the A-lattice minima exactly half way between 
the A/2-lattice minima.) 



and hF is the total atomic angular momentum [T5|. The 
vector light shift Uv can be treated as arising from an 
effective magnetic field Befi(r) cx iav(E*(r) x E(r)). In 
the presence of a uniform bias field Bq, the total field is 
Btot(r) = Bo-t-Bcff(r). Atoms in different Zeeman levels 
experience different vector light shifts, in addition to the 
scalar optical potential Us — — as|Ep/4, which depends 
on the intensity but not on the polarization. 

For these experiments, we use the ground state 5Si/2, 
F ~ 1 manifold of ^''Rb. A bias field Bq points in 
the direction of x — y and creates a sufficiently large 
quadratic Zeeman shift such that the radio frequency (rf ) 
can be tuned to selectively couple only Imp = —1) and 
Imp = 0), which represent our qubit states. (In principle 
the qubit states can be any two levels with a magnetic- 
field dependent energy splitting.) Fig. [2] shows several 
examples of the potential for ^^Rb atoms in these two 
states, experimentally attainable with 100 mW of light 
at A = 803 nm focused to a 1/e^ radius of 170 /zm. For 
this lattice, state-dependence (when it exists) is predom- 
inantly in the right well (see e.g. Fig. p|c). For purely 
vertical or horizontal polarization (Figs.T2]-a and[§d), t/v 
is zero. In contrast, simultaneous presence of both polar- 
izations can result in a as large as 100 kHz for the | — 1) 
state (|0) is not sensitive to magnetic fields) |27j. For a 
configuration such as in Fig.[2]-c, the transition frequency 
from I — 1) |0) is different for atoms in the right (i?) 
and left (L) sites. We use this difference to selectively 
rf-address atoms in either the R or L sublattice. 
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FIG. 3: Measured population in j — 1) in the L (circles) and 
R (squares) sublattice after the rf pulse. The lines are fits 
to the expected lineshape. The resonant frequency in the 
spin-dependent R sublattice (34.178 MHz) is shifted by the 
vector light shift from the frequency in the spin-independent 
L sublattice (34.146MHz). 



We begin the experiment by creating a magnetically 
trapped Bose-Einstein condensate of 2.0(5) x 10^ ^''Rb 
atoms in the | — 1) state [20] and loading it into the 
A/2-lattice (Fig. |2]-d). The double- well and vertical lat- 
tices are turned on together in 500 /is with an exponen- 
tial ramp |18j (having a 100 /is time constant) in order 
to adiabatically populate only the ground band of the 
optical potential. (We did not load more slowly to ob- 
tain a number-squeezed Mott insulator state [2Tj since 
the single particle effects explored in these experiments 
are largely insensitive to atom- atom interactions.) The 
final depth of the double-well and the vertical lattices 
are about SO-Er and 52£'r respectively, where i?R = 
h'^ / (2toA^)= 3.5 kHz is the recoil energy and m is the ru- 
bidium mass. After loading, the magnetic trapping fields 
are turned off, except for a bias field |Bo| of w4.8mT 
(giving a 34 MHz linear- and a 300 kHz quadratic-Zeeman 
shift). We wait 40ms for the field to stabilize. 

To address atoms in either the L or R sublattice, we 
change the lattice configuration to the spin-dependent 
one shown in Fig. |2]-c, and apply a 30 /is rf pulse cou- 
pling I — 1) to |0). The number of atoms remaining in 
I — 1) in each sublattice is then measured using the follow- 
ing procedure: the magnetic trap is turned back on, the 
vertical lattice is turned off, and the double-well lattice 
potential is reduced to 30£'r. This reduces the verti- 
cal confinement for atoms in |0) such that they fall out 
of the trap (due to gravity), while keeping the atoms in 
I — 1) in their original L and R sites. After 10ms, we 
return the double well lattice to 52£'r depth. Finally, we 
measure the remaining population in each sublattice by 
adiabatically adjusting the lattice so that atoms in the R 
sublattice transform to highly excited vibrational states 
while atoms in the L sublattice remain in the ground vi- 
brational state, as described in ref [22]. Fig. [3] shows a 
measurement of the residual population in state | — 1) in 
the two sublattices as a function of the rf frequency. The 
two resonances differ by 32 kHz, which is well-resolved by 
the 30 /.ts rf pulse and is in good agreement with a calcu- 
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FIG. 4: a) Fraction of atoms in the R sublattice at the end 
of the spin-dependent transport sequence (see text) for atoms 
in the | — 1) state (filled) and |0) state (open) as a function of 
the relative position 5x/X between the A-lattice and the A/2- 
lattice. The dashed vertical line indicates the best selective 
transfer: Sx = — 0.42A, where atoms in |0) are sorted into R 
sites and atoms in | — 1) are sorted into L sites, each with 
92(2)% probability, b) Using spin-dependent transport to 
measure spin populations after applying an rf pulse to atoms 
in the A-lattice. Atoms in | — 1) are in the L sublattice after 
transport. During the rf pulse, atoms oscillate between | — 1) 
and jo). The red curve is a fit to a damped sine. 



lation based on the effective magnetic field. We have 
also demonstrated sublattice-resolved hyperfine transi- 
tions driven by microwaves, and in principle could use 
optical Raman fields as well. 

The spin-dependent double-well also allows for state- 
dependent motion of the atomic wave packets, entangling 
spatial and spin degrees of freedom. This is similar to 
the controlled spin-dependent motion demonstrated in, 
e.g., refs j231lll], but here the double- well lattice breaks 
left-right symmetry within each pair of sites, confining 
motion to the unit cell containing those two sites. In our 
transport experiment, each atom initially in the ground 
state of the A-lattice is sorted into the L or R well of the 
A/2-lattice according to its spin. To do this we simul- 
taneously control the total intensity, the ratio Ix/I\/2, 
and Sx in a two-step process. In the first step, we start 
with a A-lattice configuration (similar to Fig. [2]-a) hav- 
ing a depth of IOOE'r and dx = — 0.62A. This is then 
transformed to a potential similar to Fig. |2]-b in 300 fis, 
ending with a ~ lOOii^R potential depth. The final in- 
tensity ratio is I\/I\/2 = 0.95 and the minimum of the 
A-lattice is located in the right well (for 6x/X > —0.5) . 
In the second step, beginning at Fig. [2]-b, the barrier is 
raised (Fig. [2]-c) at fixed Sx/X to separate the two spin 
states into the L and R sites, by fully transforming into 
the A/2-lattice (Fig. |2]-d) in 100 /xs. The population in 
the L and R sublattices are then measured as above (22j . 



To determine the best final value for 6x, the sequence is 
performed on atoms in the | — 1) and |0) states in separate 
trials. In Fig. |4] the fraction of atoms in the R sublat- 
tice after the transfer sequence is plotted as a function of 
Sx/X. Uv creates a difference in the potentials for the two 
Zeeman levels, which for a narrow range of Sx/X, trans- 
fers atoms in |0) to i? with almost unit efficiency while 
atoms in I — 1) remain in L. At Sx — — 0.42A, the atoms 
are localized to the site corresponding to their spin with 
92% probability, which includes imperfections in prepar- 
ing the spin states, state-dependent transport, and the 
population measurement. (Systematic measurement er- 
ror limits our measured fidelity to 96%.) As with any 
process requiring adiabatic motion, there is a trade-off 
between fidehty and speed, though in principle, 100% fi- 
delity is possible if other decoherence mechanisms do not 
limit the time allowed for the operation. The range of 
parameters resulting in spin-dependent separation, and 
the fidelity and speed of the process can be improved by 
increasing the lattice depth (thereby reducing the time 
scale required for adiabaticity) . Optimal quantum con- 
trol techniques are also expected to reduce the transfer 
time while maintaining fidelity |25j . 

Spin-dependent transport can act as a microscopic 
Stern-Gerlach filter, which we use here to study spin 
decoherence due to the magnetic field environment. 
Spin dephasing in our experiments is dominated by (1) 
field fiuctuations between data points (separated by «1 
minute), (2) field fluctuations during a single shot (< 
a few ms), and (3) spatial inhomogeneity in the field 
(across the ^^35 /im atom cloud). First, we observe Rabi 
oscillations by applying an rf pulse resonant with the 
I — 1) |0) transition for atoms in the spin-independent 
A-lattice and then use spin-dependent transport to de- 
tect the final spin populations (see Fig. |^b). All three 
noise sources act as an effective detuning inhomogene- 
ity, to which the averaged Rabi cycling is only sensitive 
quadratically ^26J. The data shows a Rabi frequency of 
15.8kHz and a 1/e decay time of 3ms (25 Rabi flops). 

We also performed a Ramsey spin-resonance experi- 
ment [IS] by applying a resonant 7r/2 rf pulse that places 
the atoms in a superposition of spin states, followed by a 
second 7r/2 pulse with the same frequency and a relative 
phase 9 to read out the coherence after a given delay. 
The Ramsey interferogram is obtained from successive 
measurements with different 9 for each delay time. The 
contrast of the interferogram decays due to mechanisms 
with two different timescales. The first (100 fj,s) is related 
to a random phase from shot to shot that is the same for 
all atoms in the sample. It results from noise sources (1) 
and (2) and is indicated by a random population trans- 
fer on any given shot that fiuctuates between ~0 and 
^100%. The second (500^s) is related to inhomogene- 
ity across the sample (3), and is indicated by population 
transfers tending toward 50% with little fiuctuation. We 
also perform a spin echo experiment by inserting a tt 
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FIG. 5: a) Experimental sequence for demonstrating co- 
herence in spin-dependent dynamics. Following the first vr 
pulse, wavefunctions are spin-dependently split into L and R 
sites. A n pulse is applied to atoms in L sites at the end 
of the transport so that all atoms end in the same final spin 
state, b) The double-slit diffraction observed after the lattice 
is snapped off and after time-of-flight, indicating coherence 
after spin-dependent transport, c) Integrated density profile 
of the double-slit diffraction pattern in (b). 



pulse symmetrically between the two 7r/2 pulses, which 
effectively reverses the dephasing caused by (I) and (3). 
Here, the first timescale (due to the remaining shot-to- 
shot fluctuations caused by (2)) increases to 400 /j,s, and 
the second increases to at least 1.2ms. Noise sources (I) 
and (2) can be improved by active stabilization of the 
magnetic field. 

To investigate whether coherence is preserved during 
the spin-dependent transport, we use an atom interfer- 
ometer similar to that of ref [22]. In this case, how- 
ever, the spin-dependent transport acts as an analog 
to an optical polarizing beam splitter, separating atoms 
initially in the ground state of the A-lattice into the 
two output modes \L) and \R) depending on their mp 
state. The experimental sequence is shown in Fig. [S]- 
a. Atoms loaded in the A-lattice are first placed in a 
superposition of spin states: (| — 1) -|- |0)) /V^, using a 
rf 7r/2 pulse. Since the spin-dependent transport time 
(370 /is) is comparable to the inhomogeneous spin coher- 
ence time, we perform the transport inside a spin echo 
sequence. The echo-inducing tt pulse is applied 400 fis af- 
ter the 7r/2 pulse. The atoms are then separated through 
spin-dependent transport, which entangles each atom's 
spatial wavefunction with its spin, creating the single 
particle state [(| - 1) (g) \L)) + e''^ (|0) (g) \R))] /V2. At 
this point, atoms in the two paths of the interferometer 
are in orthogonal spin states. Therefore, we apply a tt 
pulse resonant only in the L sublattice, forming the state 
|0) (g) (|L) + e**|i?)) /V2. Fig. Bb is an example of the 
double-slit diffraction pattern observed when the atoms 
are released. (Due to interactions, the visibility of the 
interference fringes undergoes collapse and revival, as in 
ref [22, : Fig. |5jb is taken at a revival, thereby removing 



the effect of interactions on the diffraction pattern.) The 
clear appearence of a double-slit diffraction pattern is an 
indication that some coherence is preserved during spin- 
dependent transport. The visibility of the fringe pattern 
is less than the best we have seen for spin-independent 
interferometry |22j . likely due to decoherence during the 
spin echo sequence and off-resonant coupling to atoms in 
the R sublattice in the last 7r-pulse. 

If the spin-dependent transport experiment is per- 
formed in reverse, i.e. atoms initially in two separate 
wells are brought together into a single well through spin- 
dependent transport, the atoms could become entangled 
through contact interaction. In this scenario, the abil- 
ity to selectively address atoms in two neighboring sites 
would allow us to gain access to the full two-qubit Hilbert 
space (assuming we start with a Mott insulator state). If 
the principles presented here are applied using focused 
light beams |6], these universal operations within our 
two-qubit toy system could be scalable to large num- 
bers of atoms. However, much work is still needed to 
explore ideas to generate and control two-atom interac- 
tions. The flexibility of the double-well optical lattice 
provides a testbed for some of these ideas before they are 
implemented in a scalable architecture. 
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